Mammographic breast density is an established risk factor for breast cancer. However, results are inconclusive regarding its use in risk prediction models. The current study evaluated 13,409 postmenopausal participants in the NSABP Study of Tamoxifen and Raloxifene. A measure of breast density as reported on the entry mammogram report was extracted and categorized according to The American College of Radiology Breast Imaging Reporting and Data System (BI-RADS) classifications. An increased risk of invasive breast cancer was associated with higher mammographic breast density (P < 0.001). The association remained significant after adjusting for age, treatment, and smoking history [HR 1.35, 95% confidence interval (CI): 1.16-1.58], as well as when added to a model including the Gail score (HR 1.33, 95% CI: 1.14-1.55). At five years after random assignment, time-dependent area under the curve (AUC) improved from 0.63 for a model with Gail score alone to 0.64 when considering breast density and Gail score. Breast density was also significant when added to an abbreviated model tailored for estrogen receptor-positive breast cancers (P ¼ 0.02). In this study, high BI-RADS breast density was significantly associated with increased breast cancer risk when considered in conjunction with Gail score but provided only slight improvement to the Gail score for predicting the incidence of invasive breast cancer. The BI-RADS breast composition classification system is a quick and readily available method for assessing breast density for risk prediction evaluations; however, its addition to the Gail model does not seem to provide substantial predictability improvements in this population of postmenopausal healthy women at increased risk for breast cancer.
Introduction
Breast cancer is the most frequently diagnosed cancer among women worldwide (1) . Therefore, accurately identifying women who have an increased risk for developing breast cancer so they may be targeted for increased screening or preventive interventions remains a high priority. The primary method for assessing nongenetic breast cancer risk is currently based on the Gail model (2-7). It is a validated statistical model that has been widely accepted for breast cancer prediction. The Gail model does not currently include a measure of breast density, which has been associated with a 3-to 5-fold increased risk of breast cancer for women with dense tissue occupying more than half of their breast (8) (9) (10) . Some studies have suggested that adding a measure of breast density to the Gail model may improve its predictive capabilities (8, (11) (12) (13) ; however, it is not clear whether this is true in all populations or if the gain in predictability is of sufficient magnitude to warrant the addition of breast density to the model. Breast density is most commonly measured through mammography. On a mammogram, fat appears dark because it is radiologically lucent; but connective and epithelial tissue are radiologically dense. Thus, mammographic breast density is a measure of the area of the breast that appears white on a mammogram. There are various methods for classifying mammographic breast density. Because of convenience and cost, The American College of Radiology Breast Imaging Reporting and Data System (BI-RADS) is widely used; BI-RADS is a comprehensive guide designed to standardize breast imaging reporting and terminology (14) . According to BI-RADS, radiologists are instructed to include a separate rating category for both the mammographic findings and the breast composition or density in each mammogram report. The rating system for mammographic findings consists of 7 categories of breast cancer risk and corresponding recommendations for the appropriate follow-up care. The classification system for breast density has 4 categories: almost entirely fat (<25% glandular), scattered fibroglandular densities (25%-50% glandular), heterogeneously dense (51%-75% glandular), or extremely dense (>75% glandular). The BI-RADS density classifications have been found to have only moderate interobserver agreement. However, these guidelines are routinely followed in clinical practice in the United States for reporting mammographic breast density, making them readily available for possible use in risk prediction tools (15, 16) .
The Gail model predicts a woman's 5-year and lifetime risk for developing breast cancer based on her reproductive, medical, and family history. The individual risk factors that are currently included in the model are age at assessment, race, the number of previous breast biopsies, history of atypical hyperplasia in the breast, age of menarche, parity, age at the first live birth of a child, and history of breast cancer in a first-degree female relative (i.e., mother, sister, daughter). Any woman with a 5-year risk of invasive breast cancer of 1.66% or more is considered to be at high risk and should be evaluated further. Although some simple lifestyle modifications can help to reduce risk, other more complex prophylactic techniques may be considered. One's risk for breast cancer can be reduced by bilateral mastectomy (90%) or chemopreventive therapies such as tamoxifen or raloxifene (50%). However, these interventions are not without risk for other complications or side effects (17) (18) (19) . The Gail model has good calibration, which indicates accuracy in predicting incidence of breast cancer in subgroups of women. However, as is common with most risk prediction models for relatively rare diseases (20) , the Gail model has low discrimination (c-statistics ranging from 0.58 to 0.62) and therefore only modestly distinguishes at the individual level who will and will not develop breast cancer.
Researchers have suggested that different risk prediction models might perform better for different subgroups of women (i.e., premenopausal vs. postmenopausal) or for different types of breast cancer [i.e., estrogen receptor (ER)-positive vs. ER-negative; ref . 21] . Using data from the Women's Health Initiative (WHI), Chlebowski and colleagues attempted to find improved risk prediction models when considering ER-status among postmenopausal women (21, 22) . They determined that adding additional risk factors to the Gail model did not provide significant improvement. However, they also found that for ERpositive breast cancer in postmenopausal women, a more parsimonious model performed nearly as well as the Gail model with similar discriminatory accuracy. The simpler model included age, family history of breast cancer, and a history of a previous breast biopsy. Chlebowski and colleagues assessed a number of personal characteristics but did not have the ability to assess breast density. Improving risk prediction models by including mammographic breast density has been supported in existing literature (8, (11) (12) (13) ; however, this needs to be studied in multiple independent populations before being put into clinical use.
In this report, we used data collected through the National Surgical Adjuvant Breast and Bowel Project (NSABP) Study of Tamoxifen and Raloxifene (STAR) to investigate the relationship between baseline mammographic breast density and the risk of invasive breast cancer. STAR was a randomized clinical trial that compared the relative effects of raloxifene to tamoxifen on breast cancer risk. We used data from this large breast cancer prevention trial to investigate whether a routine assessment of mammographic breast density improves the predictability of the Gail model.
Materials and Methods

Description of STAR
Between July 1, 1999, and November 4, 2004, 19 ,747 participants at nearly 200 clinical centers throughout North America were enrolled and randomly assigned to take either tamoxifen or raloxifene. Each clinical center obtained approval from Institutional Review Boards, and all participants provided written informed consent. In April 2006, initial trial results showed that raloxifene was as effective as tamoxifen in preventing invasive breast cancer and was less toxic (19) . An update of the findings in 2010 indicated that raloxifene continued to have fewer side effects and maintained 76% of the effectiveness of tamoxifen in preventing invasive breast cancer (23) .
STAR participants were postmenopausal with no previous history of invasive breast cancer. Upon entry, each participant was assessed for all risk factors included in the Gail model, and only those considered to be at high risk for developing breast cancer, defined by a Gail score 1.66% or more or having a history of lobular carcinoma in situ, were eligible for the study. Participants were also required to have had a baseline mammogram indicating the absence of disease within 1 year before random assignment and were required to submit documentation of this mammogram to the NSABP Biostatistical Center. Women were excluded from STAR if they had a previous bilateral or unilateral prophylactic mastectomy, a history of invasive breast cancer, or invasive cancer of any other type less than 5 years before random assignment, with the exception of basal or squamous cell carcinoma of the skin. Other inclusion and exclusion criteria, along with additional details regarding the design and recruitment of STAR have been previously published (19) .
Follow-up for STAR participants occurred every 6 months for the first 5 years of the study and annually thereafter. Each participant received an annual bilateral mammogram and a physical breast examination at each follow-up appointment. Participants were also assessed at each follow-up visit for information regarding all other events of interest including the diagnosis of other invasive cancers, cardiovascular disease, thromboembolic disease, and fractures. Staff members at each clinical center collected documentation for all reported events and submitted the documentation to the NSABP. Diagnosis of each event was then centrally reviewed and confirmed by trained medical professionals.
Study design
The current study included all STAR participants with follow-up for whom breast density information could be abstracted from the baseline mammogram report. Followup was based on data used in the most recent update of the trial (March 31, 2009), representing an average of 6.3 years. The flow of participants included in the current study is shown in Fig. 1 . Three women were excluded from the analyses because they were not at risk for invasive breast cancer because of a previous bilateral mastectomy or diagnosis of breast cancer.
We used the entry mammogram reports to determine each woman's BI-RADS category of breast density. Of the 19,490 eligible STAR participants with follow-up data, entry mammogram reports were reviewed for 18,544 women (95%). We did not include women with non-English mammogram reports (mostly from French-Canadian clinical sites) or those for whom we did not have an entry mammogram report available. An independent reviewer trained in radiology examined each available mammogram report and completed a breast density form based on the reported findings. Specifically, the reviewer searched each report for a qualitative description similar to the BI-RADS recommended terminology and/or a quantitative percentage of breast density. A derived BI-RADS breast density classification was then imputed from this information. At least one measure of breast density was described in the report for 13,409 participants, with most reporting only a qualitative description (99%). There were 4 mammogram reports that contained only percentage breast density, and these were categorized into 1 of the 4 BI-RADS categories based on the coinciding recommended percentage ranges by the American College of Radiology. There were also 100 reports that included both measures, and of those, 93 contained a percentage breast density that agreed with those recommended in the BI-RADS density classifications. For the remaining 7 that did not agree, the derived BI-RADS breast density category was assigned on the basis of the percentage density information because it has been shown to be more accurate than the qualitative categories (15, 24) .
The Gail scores were centrally calculated at the NSABP Biostatistical Center using information about all risk factors included in the Gail model collected from participants during eligibility assessments for STAR. Each participant's height and weight were measured at entry by clinical staff members at each participating clinical center, and these measurements were used to calculate body mass index (BMI). Other variables, including smoking history and history of diabetes, were assessed via questionnaires that had been administered upon entry.
Statistical analysis
We used the c 2 test to compare the distributions of participant characteristics at entry according to the derived BI-RADS categories of breast density. Cox proportional hazards regression was used to determine whether the mammographic breast density at entry was associated with invasive breast cancer. Breast density was first explored as a 4-class variable; however, based on the appearance of an approximately linear increase in the hazards of invasive breast cancer, we decided to include breast density as a single ordinal term (with values 0, 1, 2, and 3 representing the 4 BI-RADS categories) in the model. Upon entry we adjusted for possible explanatory variables including age, treatment group, BMI, years of cigarette smoking, and history of diabetes by including them in the model with breast density. The majority of the participants were white (93%), and there were only 19 cases of breast cancer diagnosed among non-white participants, so we did not include race/ethnicity as a potential factor. We used backward elimination to drop out all the potential variables that did not reach a statistically significant level of P < 0.05. Because treatment with tamoxifen or raloxifene may differentially affect breast density, we tested for an interaction between breast density and treatment. We then added breast density to a model with the Gail score and subsequently to a model including Gail score and the significant explanatory variables. We calculated the time to invasive breast cancer as the time from random assignment to the date of diagnosis of invasive breast cancer. If the participant did not develop invasive breast cancer, her time was censored on the first of 3 possible occurrences including bilateral mastectomy, date of death, or date of last follow-up. (21) that was tailored for ER-positive breast cancer. Chlebowski's abbreviated model included only age, number of first-degree relatives with breast cancer, and number of previous breast biopsies. Our measure of breast density was added to this model to determine whether it significantly improved the predictability for this specific type of breast cancer. The variables for number of relatives and biopsies were coded in the same way as was reported by Chlebowski and colleagues (0 or !1 for number of relatives and 0, 1, or >1 for number of biopsies), and time to diagnosis was censored for ER-negative invasive breast cancers and those for whom ER status was unknown. P values used to assess the statistical significance of variables in all modeling were determined using the likelihood ratio test, and all tests were evaluated using a 2-sided P value of 0.05. Analyses were conducted using SAS version 9.2 software (SAS Institute, Inc.).
We assessed the discriminatory accuracy of the models through the use of time-dependent receiver operator characteristic (ROC) curves and the corresponding area under the curve (AUC; ref. 25) . ROC curves plot the truepositive rate (sensitivity) versus the false-positive rate (1Àspecificity) for all possible threshold values for the probability of an outcome at a specific time, t. The corresponding AUC(t) represents the probability that a person with onset of disease by time t has a higher risk score than a person with no event by time t. An ROC curve representing a nonpredictive model would connect the coordinates (0,0) and (0,1) and have a corresponding AUC(t) of 0.50, indicating that the model predicts no better than chance. Conversely, an AUC(t) of 1.0 would indicate perfect discrimination between women who develop breast cancer by time t and those who do not. The c-statistic, which is a measure of the AUC, provides a global assessment of model performance over a given time frame. In addition to timespecific ROC curves and AUCs, modified overall c-statistics were calculated for each model as estimates of concordance measures that are free of censoring and to provide inference regarding the difference between the models (26) . ROC analyses and the global c-statistics were computed using R (version 2.13.2) packages written specifically for timedependent outcomes with censored data (25) (26) (27) .
Results
The distributions of participant characteristics at entry by the derived BI-RADS levels of breast density are presented in Table 1 . Women with high breast density were younger than those with less dense breasts. The mean age in the highest breast density category was 57.0 years compared with 59.5 years in the lowest density category. Women with more dense breasts had a higher 5-year predicted breast cancer risk (Gail score), but had a lower BMI. The mean BMI decreased from 33.0 in the lowest breast density category to 25.7 in the highest breast density category. Women with dense breasts were also less likely to have a history of diabetes than those with less dense breasts.
A total of 349 cases of invasive breast cancer were diagnosed. Table 2 presents the distribution of cases by the derived BI-RADS categories of breast density and ER status. The results of univariable and multivariable analyses are shown in Table 3 . Baseline breast density was significantly associated with risk of invasive breast cancer. When assessed univariably (Model 1), the HR per increase of BI-RADS breast density category was 1.30 with a 95% confidence interval (CI) of 1.12 to 1.51 (P < 0.001). Of all the possible explanatory variables assessed, only age, treatment, and years of smoking remained significant. The HR for breast density after adjustment for the significant explanatory variables (Table 3 , Model 2) was 1.35 with a 95% CI of 1.16 to 1.58 (P < 0.001). The interaction between breast density and treatment was not significant (P ¼ 0.33).
When breast density was added to a model with Gail score, both Gail score and breast density were significant (Table 3, Model 3). As the Gail score increased in increments of 1%, the HR was 1.13 (95%CI: 1.09-1.17; P < 0.001). The HR for breast density was 1.29 (95%CI: 1.11-1.50; P < 0.001) per increase of BI-RADS density category. Adjustment for the significant explanatory variables had negligible effects on the results for Gail score and breast density (Table  3 , Model 4). The resulting HR for Gail score was 1.11 (P < 0.001) and the HR for breast density was 1.33 (P < 0.001). Figure 2 shows the time-specific ROC curves at year 5 for the models with breast density only, Gail score only, and Gail score and breast density. The AUC for the model with breast density only was 0.55, indicating low discriminatory accuracy not much better than chance. When considering the other 2 models, the AUC improved from 0.63 for the model with Gail score only to 0.64 when considering Gail score and breast density. The overall c-statistic throughout the first 5 years of follow-up was 0.627 for the model with Gail score only and 0.633 when breast density was added. The difference of 0.005 was not statistically significant (95%CI: À0.016-0.027).
There were 255 cases of ER-positive breast cancer. On the basis of Chlebowski's abbreviated model, we ran a proportional hazards model for ER-positive invasive breast cancer with the variables of age, number of relatives, and number of breast biopsies (Table 4) . Breast density significantly added to this abbreviated model (P ¼ 0.02). The HR for breast density was 1.24 with a 95% CI of 1.03 to 1.49. Among our data, the number of relatives was not significant in this model. We therefore ran a model excluding this variable, but the effects on breast density were negligible (HR, 1.24; 95%CI: 1.04-1.49; P ¼ 0.02). Breast density had very little effect on the discriminatory accuracy of the Chlebowski model, with a time-specific AUC at year 5 of 0.60 for both the original model and the Chlebowski model plus breast density (data not shown).
Discussion
In this study of postmenopausal participants of a chemoprevention clinical trial who had an increased risk for developing breast cancer, we found that the derived BI-RADS classification of breast density at entry was directly and significantly associated with the risk of invasive breast cancer. This association persisted when adjusting for important explanatory variables and when accounting for the calculated probability of developing breast cancer in the next 5 years based on the Gail model. Despite this significance, we found that the derived BI-RADS classification of breast density did not seem to predict breast cancer risk much better than chance, and considering breast density in conjunction with the Gail score only slightly improved model discrimination.
The Gail model has been validated and performs well in predicting the incidence of breast cancer in the population as a whole. However, its modest discrimination indicates that it is not as good at predicting whether any given individual will develop breast cancer and should not be considered as a tool of diagnostic screening. Thus, the Gail model is limited to the extent to which it identifies a meaningfully frequent category of high-risk women who might uniquely benefit from one of the preventive interventions currently available. Identifying new risk factors and improving risk prediction models remains a high Research.
on April 15, 2017. © 2012 American Association for Cancer cancerpreventionresearch.aacrjournals.org Downloaded from priority in breast cancer prevention and risk reduction. Previous research has found promising results regarding the inclusion of breast density in risk prediction models. Using data from the Breast Cancer Detection Demonstration Project, Chen and colleagues (11) added a continuous measure of breast density to a model with weight, age of first live birth, number of affected relatives, and number of breast biopsies. They reported improved risk discrimination with this new model when compared with the Gail model, with increases in concordance ranging from 0.01 to 0.09 across the seven 5-year age groups that they studied. Three other studies (8, 12, 13) used data from more than 1 million women from 7 mammography registries of the Breast Cancer Surveillance Consortium (BCSC). All 3 reported modest improvement in predictive accuracy after adding breast density to the models with increases in c-statistics ranging from 0.01 to 0.03. These studies were based on large samples of a general screening population of pre-and postmenopausal women and therefore have good generalizability. However, they did not include all factors of the Gail model in their assessments (i.e., information regarding history of atypical hyperplasia was not available), and breast cancer diagnoses were ascertained through linkage with cancer registries. Furthermore, the study by Barlow and colleagues (12) focused only on 1-year risk for breast cancer and used cases of breast cancer diagnosed by the index mammogram, which could potentially overestimate risk.
Although breast density was significantly related to breast cancer risk, the HRs in our study were smaller than in previous studies. When comparing the highest breast density group to the lowest group, the HR was 2.46 compared with a 3-to 5-fold increased risk of breast cancer previously reported (8) (9) (10) . One reason for our findings may be that our population consists only of high-risk women. It could be that the relationship between breast density and breast cancer is not as strong for those already at an increased risk based on other risk factors. Also, our population received chemopreventive therapy for 5 years, which substantially reduced the risk of breast cancer and may also have affected breast density. Previous studies have reported a decrease in breast density over time with the use of tamoxifen (28-31). We did not have the ability to assess breast density over time because submitted copies of the mammogram reports were not required for all participants during follow-up. Nevertheless, underlying changes in breast density due to treatment could have changed individual risk over time in a way that we could not measure. The current study found only a slight increase in predictive accuracy when considering breast density in conjunction with the Gail score. The modest improvements, however, are not surprising. Although a 2-fold increased risk with breast density is substantial, modeling has shown that risk factors with relative risks of at least 20 may be needed to show significant improvements in predictive accuracy (13, 32, 33) . The current study has some limitations. First, the only measure of breast density available was the derived BI-RADS category based on terminology included in the mammogram reports by radiologists at each clinical site, and therefore was not standardized. The breast density categories may have been more accurate if we were able to collect the actual mammographic films and have an independent radiologist evaluate each film. Furthermore, computer aids that quantitatively calculate the percentage of dense breast tissue in relation to the whole area of the breast or those that take the thickness of the breast into account to calculate volumetric breast density are believed to be more precise and reproducible methods for measuring breast density (10, 34, 35) . However, these methods can be costly and perhaps not appropriate for widespread use. Another criticism may involve the relationship between breast density and BMI. Because BMI is positively related to total breast area, which is the denominator for percentage breast density, women with high BMI are more likely to have a low-percentage breast density (36) . Therefore, because a high BMI may increase breast cancer risk, it is believed that the effect of percentage breast density on risk will tend to be underestimated when not adjusted for BMI (37) . However, in our study, BMI was not associated with an increased risk for breast cancer, and furthermore, adjusting for BMI had negligible effects on our HR estimate for breast density. Another concern when studying breast density is the possibility of masking bias because prevalent cancers at the time of an initial mammogram could remain undetected in women with very dense breasts. However, earlier studies have shown that the bias effect is only small and short lived (10, 34) . Particularly, one study looked at the site of dense tissue compared with the site of subsequent breast cancer and found that the density in the cancer region of the breast was not a significant risk factor, thereby providing suggestive evidence that masking bias is not responsible for the density/breast cancer relationship (38) .
This study provides further evidence that mammographic breast density is significantly associated with invasive breast cancer by evaluating the relationship among high-risk postmenopausal participants in a clinical trial with clearly defined and accurately measured exposures and endpoints. Our derived BI-RADS breast density classification was significant when considered in conjunction with the Gail score, and it also added significantly to Chlebowski's abbreviated model for predicting ER-positive breast cancer. However, it provided only slight improvement in discrimination for predicting the incidence of invasive breast cancer. The BI-RADS breast composition classification system is a quick and readily available method for assessing breast density for risk prediction evaluations, but it does not seem to provide a clinically useful improvement in the ability to predict breast cancer risk using the Gail model. Future studies should focus on more accurate techniques for measuring breast density that may provide greater magnitudes of model improvement that could justify the inclusion of breast density in existing breast cancer risk prediction models. Those with unknown biopsy data were excluded from the analyses. 
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